Clinical studies show that anxiety and chronic pain are concomitant. The neural basis for the comorbidity is unclear. The prefrontal cortex (PFC) has been recognized as a critical area for affective disorders and chronic pain modulation. In this study, we examined the role of the PFC in the pathogenesis of anxiety associated with chronic pain in a rat model of neuropathic pain with spare nerve injury (SNI). The SNI rats showed apparent anxiety-like behaviors in both open field (OF) test and elevated-plus maze (EPM) test eight weeks after surgery. Thus, the number of entries to the central area in the OF decreased to 45% (AE5%, n ¼ 15) of sham control (n ¼ 17), while the overall motor activity (i.e., total distance) was unaffected. In the EPM, the percentage of entries into the open arms significantly (p < 0.001) decreased in SNI rats (SNI: 12.58 AE 2.7%, n ¼ 15; sham: 30.75 AE 2.82%, n ¼ 17), so did the time spent in the open arms (SNI: 4.35 AE 1.45%, n ¼ 15; Sham: 11.65 AE 2.18%, n ¼ 17). To explore the neural basis for the association between anxiety and chronic pain, local field potentials (LFPs) were recorded from the medial PFC (mPFC) and ventral hippocampus. In SNI rats, there were significantly greater increases in both theta-frequency power in the mPFC and theta-frequency synchronization between the mPFC and ventral hippocampus, when animals were displaying elevated anxiety-like behaviors in avoiding anxiogenic regions in EPM and OF chamber. Western blot analyses showed a significant elevation of serotonin transporter expression in the anxious SNI rats. Inhibition of serotonin transporter effectively alleviated anxiety-like behaviors following sub-chronic (15 days) treatment with systemic citalopram (10 mg/kg/day, intraperitoneally). Moreover, the anxiety-like behaviors in the SNI rats were also suppressed by direct mPFC application of serotonin. Taken together, we conclude that the plasticity of serotonin transmission in the mPFC likely contribute to the promotion of anxiety state associated with neuropathic pain.
Introduction
Chronic pain has been found to have a close relationship with emotional disorders, such as anxiety and depression. [1] [2] [3] [4] [5] In the clinics, nearly half of the patients who suffered from chronic pain were diagnosed with one or more anxiety disorders. 6 Various animal models of chronic pain also display anxiety-like behaviors. [7] [8] [9] [10] However, the neural basis for this comorbidity remains unclear. It might involve plasticity in association with chronic pain in the brain areas which are engaged in both pain processing and affective regulation.
Several cortical areas have been suggested to play important roles in the processing of either the sensory or affective-motivational component of pain. 11, 12 Among these cortical areas, the medial prefrontal cortex has also been demonstrated to be involved in regulation of anxiety 13 in addition to its role in pain processing. Human studies reported altered medial prefrontal cortex (mPFC) activity in patients with anxiety disorders. [14] [15] [16] [17] [18] Deep transcranial magnetic stimulation was found effective in treating post-traumatic stress disorder patients. 19, 20 The involvement of the mPFC in anxietylike behaviors was also observed in animal models of anxiety. 21, 22 Optogenetic inhibition of the prelimbic cortex (PrL), a sub-region of the mPFC, caused anxiogenic effects in naive mice. 23 It is evident, therefore, that the mPFC is a critical area for the regulations of both pain and anxiety.
In chronic pain states, the mPFC was found to undergo both structural and functional changes in both human patients and animal pain models. [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] Thus, both gray matter volume and neural activities in the prefrontal cortex decreased in chronic pain patients. 35 Changes in excitability and activity of prefrontal neurons occurred in the conditions of inflammatory and neuropathic pain in animal pain models. 30, 34, 36 These plastic changes would inevitably cause alterations of mPFC functions. Human studies have found that changes in the mPFC activity was associated with the development of chronic pain. 35 It may also play a role in causing anxiety in chronic pain conditions. A recent work by Wang et al. 23 suggests such an association between changes in the activity of mPFC pyramidal neurons and pain-induced anxiety.
Besides the mPFC, the anterior cingulate cortex (ACC) is the other brain area involved in both pain perception 5, 11, 12 and anxiety. [37] [38] [39] [40] [41] In chronic pain states, the ACC displayed a series of structural and functional changes as well, which were believed to play an important role in the development of chronic pain. 42, 43 Moreover, the synaptic plasticity in the ACC has been implicated to be related to pain-induced anxiety. 41, 44 We thus hypothesize that the plastic changes in the anxiety network, such as the mPFC and ACC, form part of the neural basis for the interaction between chronic pain and anxiety. However, the detailed mechanism of the interaction at molecular, cellular, and circuitry levels is not fully understood. In this study, we examined the role of prefrontal plasticity in the pathogenesis of paininduced anxiety by utilizing integrative molecular biology, in vivo electrophysiology, and behavioral approaches in a rat model of neuropathic pain with spare nerve injury (SNI) which developed anxiety-like behaviors within two months following nerve injury. We found that, when the SNI rats were displaying elevated anxiety-like behaviors in avoiding anxiogenic regions, there was a significantly greater increase in local field potential (LFP) theta oscillation (4-12 Hz) power in the mPFC, a LFP component being suggested to be highly correlated with anxiety state by previous studies, 45 indicating the involvement of the mPFC in painrelated anxiety state. Moreover, we found that serotonin transporter expression in the mPFC was significantly elevated in the anxious SNI rats and local perfusion of serotonin to the mPFC alleviated SNI rat anxiety-like behaviors. These findings suggest that a detraction of serotonin transmission at the mPFC may constitute the mechanism for the promotion of anxiety associated with neuropathic pain.
Materials and methods

Animals
A total of 130 adult male Wistar rats (180-350 g) were used in the study. The animals were housed in groups of three (but individually after electrode implantation) in plastic cages under standard laboratory conditions (12-h light/dark cycle, [20] [21] [22] [23] [24] C and humidity 50%) with free access to food and water. The animals were acclimated for one week before experiments. All experimental procedures were approved by the Ethics Committee of Animal Care and Use of East China Normal University and were in accordance with the guidelines of the International Association for the Study of Pain.
Spared nerve injury surgery
All surgical procedures were performed under sodium pentobarbital anesthesia (50 mg/kg, intraperitoneally (i.p.)) with an adequate depth of anesthesia being periodically monitored and confirmed by the lack of nociceptive responses. Rectal temperature was maintained near 37 C by a controlled heating blanket. The SNI surgery is described below. Upon completion of surgery, hemostasis was confirmed and the incisions were closed in layers with sutures. Animals were inspected daily for body weight, food, and water intake, and signs of autotomy and paralysis. In only seven cases, early signs of autotomy (gnawing of claw tips and some surrounding tissue on the injured hindpaw) were observed in operated rats and the animals were promptly euthanized.
Sural-spared sciatic nerve injury was induced in 70 rats by tight ligation of common peroneal and tibial nerves of the sciatic nerve, a modified procedure 46 of a previously reported method. 47 Following a skin incision made on the lateral surface of the left thigh, the biceps femoris muscle was separated to expose the sciatic nerve and its three terminal branches: the sural, common peroneal, and tibial nerves. The tibal and common peroneal nerves were tightly ligated with 5.0 silk suture, while leaving the sural nerve intact. Great care was taken to avoid damaging of the sural nerve. Muscle and skin were closed in two layers. Sham groups (n ¼ 60) involved exposure of the sciatic nerve and its branches without nerve ligation. After the surgery, the animal was returned to its home cage.
Measurement of mechanical allodynia
To habituate the rats to the test environment, they were placed in transparent plastic boxes (26 cm Â 20 cm Â 14 cm) on an elevated mesh floor for 1 h daily starting three days before the study and for a minimum of 30 min prior to mechanical sensitivity tests. The mechanical sensitivity tests were performed in all animals one day before and three days after the surgery, followed by a twice per week schedule throughout the entire period of the experiment. Tactile sensitivity was evaluated using a series of calibrated von Frey filaments (0.4-15 g) applied perpendicularly to lateral plantar surface of the ipsilateral hind paws, i.e., the site that corresponds to the dermatome of the sural nerve, 47 with sufficient force to bend the filament slightly for 3-5s. An abrupt withdrawal or licking and vigorously shaking of the foot in response to stimulation was considered as pain-like responses. The threshold was determined using the updown testing paradigm. The 50% paw withdrawal threshold (PWT) was calculated using the nonparametric Dixon test. 48 The values of 15 g and 2 g were used as cutoff for pre-and post-surgical conditions, respectively. For SNI rats, only those that developed allodynia with a mechanical threshold less than 6 g by seven days after surgery were included in the behavioral studies (n ¼ 62). All testing was done by the experimenter blind to animal's surgical conditions.
Behavioral tests
At the fourth or eighth week after SNI surgery, the rats underwent a battery of behavioral tests on anxiety-like behaviors, including open field (OF) test and elevated plus-maze (EPM) test. All behavioral tests were conducted in the morning by the experimenter blind to experimental conditions. OF test. The locomotor activity and anxiety-like behaviors were evaluated by placing rats in an OF activity test chamber with infrared beam (ITTCINC life science company) in a brightly illuminated (white light) room. The animals were tested for 10 min in an arena (40 cm Â 40 cm Â35 cm with transparent walls). The total distance that the rat traveled in the arena was recorded for 10 min as a measure of locomotor activity. 
Western blot
After the behavioral tests, the animals were anesthetized by sodium pentobarbita (50 mg/kg, i.p.) and then sacrificed by a decapitation. Bilateral PrL (anteroposterior [AP] =þ2.5$ þ3.5 mm; mediolateral [ML] ¼ 0$1.0 mm; dorsoventral [DV]=À2.5$À4.0 mm) and hippocampus were dissected out and then were weighed and homogenized in IP Lysis buffer (50 mM Tris-HCl pH7.4, 250 mM NaCl, 0.5% Triton X100, 10% glycerol) and proteinase inhibitors (1 mM PMSF). The homogenate was then centrifuged in an Eppendorf centrifuge (15,000 g, 5417R, 4 C) for 15 min. The supernatant was collected and centrifuged for 10 min. Following purification of the supernatant, the protein concentration was determined using BCA kit (P0012, Beyotime). Tissue samples were mixed with SDS loading buffer (Lysis buffer), heated to 100 C for 10 min, and stored at À20 C before use. Purified fractions were separated on SDS-PAGE and quantified using Odyssey Licor. Betaactin was used as loading controls. Equal volume (20 lL) of each tissue sample was loaded on Tris-glycine SDS-polyacrylamide gels (4% upper gel, 10% separate gel), followed by electrophoresis. The samples were transferred onto 0.2 lm PVDF membranes and incubated with primary antibody (rabbit anti-serotonin transporter (SERT), 1:1000, Millipore; mouse anti-beta-actin, 1:5000, Bioworld) at 4 C overnight. The samples were then incubated with secondary antibody (anti-rabbit antibody, anti-mouse antibody 1:15000, Odyssey) for 1 h at room temperature. Band densities were analyzed using Odyssey system (Odyssey). Band densities of SERT in the mPFC and the ventral hippocampus (vHPC) were normalized to beta-actin levels, respectively, to account for expression differences.
Intracranial cannulation
Stereotaxic surgeries were performed in rats anesthetized with a pentobarbital sodium (2%, 30 mg/kg, Merck) and atropine (0.5 ml/100 g). Cannulas were implanted according to the atlas of Paxinos and Watson. 50 For PFC microdialysis, bilateral guide cannulae (RWD Life Science) were implanted into the PrL (AP = þ3.0 mm; ML ¼ AE0.42 mm; DV ¼ À3.25 mm). Stainless steel dummy cannulas were inserted into each guide to keep cannulas free of debris. The injection cannulas (RWD) extended 0.5 mm beyond the end of the guide cannulas and were connected to a 5-ll Hamilton syringe and driven by a microsyringe pump controller (World Precision instruments). After surgery, all animals were housed individually and allowed a minimum of seven days to recover.
Drug treatment
In our pharmacological experiment, citalopram (CIT; 10 mg/kg, i.p.) was administered to the SNI rats (n ¼ 8) daily for 15 days before behavioral tests. The same volume of saline (0.9%, 2 ml/kg, i.p.) was injected to SNI vehicle control group (n ¼ 9).
Local drug infusions into the bilateral PrL were given in a volume of 0.65 ll/side at the following doses: serotonin (7.7 lg; Sigma) or vehicle (3.77 lg sodium sulfate and 3.48 lg sodium chloride) within 1 min. The injection cannulas were remained in place for 2-3 min to prevent drug backflow. Rats were tested on the EPM after removing the injection cannulas as described before. After each experiment, rats were euthanized by cervical dislocation, and 0.5 ll of black ink was injected through an injection cannula to verify cannula placement. Data from animals with misplaced cannulas were removed from analysis.
In vivo local field potential recording
The rats were anesthetized with sodium pentobarbital (50 mg/kg, i.p.) and placed in a stereotactic apparatus (Kopf Instruments) with the incisor bar set so that bregma and lambda were in the same horizontal plane. Two insulated nicochrome electrodes (33 lm in diameter; California Fine Wire Co.) were placed in the mPFC region (the deep layers of the ventral portion of the prelimbic cortex; AP=þ3.3 mm, ML ¼ 0.5 mm, DV =-3.4 mm) and vHPC CA1 region (AP =-4.8 mm, ML ¼ 4.2 mm, DV ¼ -8.2 mm), respectively, according to the atlas of Paxinos and Watson. 50 Three additional holes were drilled for stainless steel anchoring screws, and the ground wire was secured to one of the anchoring screws. Electrodes were cemented to the skull and anchoring screws with dental cement. After the surgery, the animals were housed individually and allowed to recover for at least one week until regaining body weight following electrode implanting. No behavioral test was performed within one week after the surgery.
To acclimatize animals with recording setup, rats were placed to a rectangular box (familiar arena, FA; 54.5 Â 42 Â 38 cm) in the dark for 30 min daily for at least four days. On the day of recording, rats were placed to the FA for 10 min. After a 1 h resting in their home cages, they were exposed to either the open field or the EPM for 10 min. The interval between the tests was 1 h. The order of presentation of the two environments was counterbalanced across animals. All the recordings were performed under blind conditions.
Local field potentials were filtered (bandpass 1-1000 Hz) and amplified using a four-channel amplifier (Model 440, Brown Lee, Santa Clara, CA). LFPs were digitized by a 16-bit ADC (Micro 1401, CED limited, Cambridge, England) and acquired by Spike 2 software (CED, Cambridge, England).
Upon the completion of recording, animals were deeply anesthetized and electrolytic lesions (50 lA, 15 s) were made to determine the location of the electrode tips. The animals were perfused with 0.9% saline and 4% paraformaldehyde (Sigma). Brain slices were collected by frozen section to visualize and photograph the lesions.
Data analysis
The LFP data were imported into MATLAB (version R2014a) for analysis using custom-written software according to a previously reported method. 51 Power spectra were calculated using the Welch method (a 0.4 s moving window, 90% overlap, and 4000 nFFTs). The mean value of power in theta band (4-12 Hz) was taken as the measure of theta power. Fold increases were then calculated by mean theta power in OF or EPM divided by mean theta power in FA. All bar graphs of fold increases shown in the figures were drawn from the data collected while animals were moving at the speed between 7 and 15 cm/s.
To calculate power correlations between two brain areas, LFPs were filtered in theta-band and average theta power was calculated over time through a multitaper spectrogram method with an NW (time-bandwidth product) of 2.5. Then, the average theta power of each animal was plotted as scatter diagram. The linear correlation coefficient for each plot was calculated and averaged across animals for each pair of brain areas.
The phase coherence of the mPFC and the vHPC was determined by calculating the instantaneous theta phases of two signals through the Hilbert transform and then subtracting the phases of the two LFPs from each other. The absolute differences (phase lag) in theta phase between two brain areas were then plotted as histogram, and the width of the plot at half of the peak height was used as a measure of phase coherence of the two signals. If two signals tend to have a constant phase relationship, the phase difference histogram will display a narrow peak. Thus, a narrower width at half of the peak height indicates stronger phase coherence. Power correlation and theta phase coherence was calculated from the data of the entire recording, regardless of the speed of the animal.
Statistical analysis
Statistical analyses of the data were performed using SPSS 16.0 for Windows. All statistical tests were twotailed, and statistical significance was assigned at p < 0.05. Unpaired t-tests, Mann-Whitney U tests, and one-way analysis of variance (followed by Bonferroni's multiple comparisons test) were used in appropriate conditions to assess the differences. Data are presented as meanAE standard error of mean.
Results
After SNI surgery, the rats developed mechanical allodynia which was characterized by a decreased PWT to tactile stimulation on the ipsilateral (injured) side. On postoperative day 7, mean 50% PWT was significantly (p < 0.001) decreased to 2.18 g (AE0.23, n ¼ 15) from a pre-surgical value of 15 g (cut-off value, n ¼ 15). No significant (p > 0.05) change in PWT was seen in shamoperated control animals (n ¼ 17). The neuropathic pain state of the SNI rats remained persistent throughout the entire period ($8 weeks) of the experiment (Figure 1(a) ), providing an appropriate chronic model to study anxietylike behaviors associated with chronic pain.
Anxiety-like behaviors associated with chronic pain in SNI rats
The SNI rats exhibited anxiety-like behaviors in both EPM and OF tests at the eighth post-operative week. In the EPM test, the SNI group showed a significant (p < 0.01) decrease in both open arm entries (Sham: 30.75 AE 2.82%, n ¼ 17; SNI: 12.58 AE 2.72%, n ¼ 15; Figure 1(b) ) and time spent in open arms (Sham: 4.35 AE 1.45%, n ¼ 17; SNI: 11.65 AE 2.18%, n ¼ 15; Figure 1 (b)). In the OF test, the SNI rats displayed significantly (p < 0.05) fewer entries (7.53 AE 1.65, n ¼ 15) into central area compared with Sham group (14.77 AE 4.01, n ¼ 17; Figure 1(b) ). On the other hand, there was no significant difference (p > 0.05) in the total distance (Figure 1(b) ), indicating that the locomotor ability of the SNI animals was unaffected.
The anxiety-like behaviors of SNI rats were not developed at the fourth post-operative week in our model. In the EPM, compared with the sham group, the SNI group showed no significant reduction either in open arm entries (Sham: 30.00 AE 7.50%, n ¼ 17; SNI: 23.75 AE 4.50%, n ¼ 15; Figure 1(c) ) or in open arm time (Sham: 11.60 AE 3.64%, n ¼ 10; SNI: 11.70 AE 3.08%, n ¼ 12; Figure 1 (c)). Although the SNI rats displayed significantly (p < 0.05) fewer entries into central area (17.54 AE 2.02, n ¼ 15) in the OFT than the Sham group (26.64 AE 4.55, n ¼ 17; Figure 1(c) ), the difference may result from a temporary trauma of locomotor ability following surgery in the SNI animals (p < 0.05, Figure 1(c) ).
Enhancement of theta oscillation in medial prefrontal cortex of SNI rats
Previous studies have suggested that medial prefrontal cortex and vHPC are involved in the modulation of anxiety. [52] [53] [54] [55] The changes of theta-frequency (4-12 Hz) oscillation in the mPFC and the vHPC and the thetafrequency synchronization between these two areas were found to be highly correlated with anxiety state. 51, 56 To understand the neural basis for chronic pain-induced anxiety, we examined the changes in the theta-frequency oscillations of the LFPs recorded from the mPFC and the vHPC (Figure 2 (a) and (b)) in both the SNI and Sham rats.
As previously described, the power spectra of LFPs was found to be affected by moving speed of animals. 51 To obtain a reliable comparison across conditions, the analysis of theta power was performed using the data collected when the animals were moving at a similar speed range (7-15 cm/s) to avoid data contamination by the speed. We compared the fold increases of theta power in EPM and OFT relative to FA between groups. In the mPFC, the SNI rats (n ¼ 11) displayed significantly (p < 0.05) greater fold increases of theta power in both EPM and OFT (Figure 2(a) and (c)) compared with sham group (n ¼ 12). Interestingly, when the mPFC theta power in each compartment of the EPM was dissected and individually compared with that in the FA, the increase in the mPFC theta power of SNI group was found to be present only when the rats were in the closed arms of the EPM, but not in the open arms (Figure 2(c) ). In the vHPC, no statistically significant difference in the fold increase of theta power was observed between SNI and Sham groups in either the EPM or the OFT (Figure 2(b) and (d) ).
Exposure to anxiogenic environment has been found to increase theta-frequency synchrony between the mPFC and the vHPC. 51 We further analyzed the theta phase coherence and theta power correlation between the mPFC and the vHPC in our neuropathic pain animals. We found that, when animals were in EPM, the theta phase coherence between the mPFC and the vHPC was significantly (p < 0.01) stronger in the SNI group, as demonstrated by the narrower peaks in the phase difference histograms (Figure 3(a) ) and the smaller values of the widths at half peaks (Figure 3(a) ). Similar to the increase of mPFC theta power (Figure 2(c) ), this increase of theta phase coherence only existed in the closed arms of EPM (Figure 3(a) ). On the other hand, the power correlation of theta-frequency between the mPFC and the vHPC was not significantly different between SNI and Sham groups in any environment (Figure 3(b) ).
Elevation of expression of prefrontal serotonin reuptake transporter in SNI rats
The SERT is a key regulator of brain serotonergic activity, which modulates serotonin concentration in the extracellular space via reuptake mechanisms. Changes in SERT expression were found to be associated with mood disorders in humans. [57] [58] [59] To test whether SERT is involved in the painrelated anxiety-like behaviors, we examined SERT protein levels in the medial prefrontal cortex and hippocampus. The Western blot analysis revealed that in the medial prefrontal cortex, the expression of SERT was significantly (p < 0.05) increased in the SNI group compared with sham group (SNI: 8.54 AE 0.53, n ¼ 4; Sham: 6.03 AE 0.23, n ¼ 5; Figure 4(a) ). In contrast, the hippocampus showed no significant change of SERT expression in the SNI rats (SNI: 5.43 AE 0.23; n ¼ 5 Sham: 5.70 AE 0.65, n ¼ 5; Figure 4(b) ).
Alleviation of pain-associated enhancement of anxietylike behaviors by systemic treatment of a selective serotonin reuptake inhibitor and local infusion of 5HT into the mPFC in SNI rats
To confirm the involvement of the SERT in mediating the anxiety-like behaviors associated with neuropathic pain, we first examined the effect of pharmacological inhibition of SERT using a selective serotonin reuptake inhibitor (SSRI), CIT. The drug was administered subchronically (10 mg/kg, i.p., q.d.) to the SNI rats. After 15 days treatment, compared with the vehicle-treated SNI rats (SNI-Veh), the SNI rats treated with citalopram (SNI-CIT) showed significantly higher frequency of open arm entries (SNI-CIT: 33.41 AE 3.67%, n ¼ 8; SNI-Veh: 15.56 AE 4.19%, n ¼ 9; p < 0.05) and longer time spent in open arms (SNI-CIT: 12.09 AE 4.36%; SNI-Veh: 1.88 AE 1.02%) in the EPM, as well as more entries into the central area in the OFT (SNI-CIT: 23.67 AE 7.37; SNI-Veh: 7.11 AE 1.85; p < 0.05), without affecting the motor ability ( Figure 5(a) ). Notably, performances of the CIT-treated SNI rats in both the EPM and OFT were comparable to those of the sham control animals ( Figure 5(a) ).
If the increase in the SERT expression contributed to the observed anxiety-like behaviors by decreasing serotonin concentration in the extracellular space, then a direct application of serotonin to the mPFC could overturn the impact thereby exerting an anxiolytic effect. To test this, we performed bilateral local infusion of 5HT into the mPFC of the SNI rats through dual guide cannulae while measuring anxiety-related behaviors using EPM. Following intra mPFC perfusion of 5HT (7.7 lg in 0.65 lL), the anxiety-like behaviors of the SNI rats were suppressed. Thus, the treated SNI rats showed significant increases in the frequency of open arm entries (SNI-5HT: 33.7 AE 3.37, n ¼ 10; SNI-Veh: 12.2 AE 3.34, n ¼ 9; p < 0.001), as well as the time spent in the open arms of EPM (SNI-5HT: 13.8 AE 1.79; SNI-Veh: 3.3 AE 1.34; p < 0.001), compared with those received vehicle infusion ( Figure 5(b) ). The behaviors of SNI-5HT group in the EPM were comparable to those of sham group (p > 0.05). These results indicate that the alteration of serotonergic activity in the mPFC plays a critical role in chronic pain-related anxiety-like behaviors. On the other hand, the performance of the sham rats in the EPM was not significantly affected by the same amount of 5-HT applied to the mPFC (Supplemental Figure 1) .
The mixed serotonin/noradrenaline reuptake inhibitors, but not SSRIs, have been shown to produce analgesic actions in animal models of neuropathic pain. [60] [61] [62] [63] To confirm that the anxiolytic effects of citalopram and 5-HT observed in the present study were not due to their analgesic effects which might consequently diminish the associated anxiety behaviors, we measured the mechanical threshold (50% PWT) in the SNI rats after 15 days systemic citalopram (10 mg/kg, i.p., q.d.) or vehicle treatment, as well as after local mPFC infusion of 5-HT (7.7 lg in 0.65 lL) or vehicle. The results showed no significant difference either between citalopram and vehicle (Supplemental Figure 2(a) ) or between 5-HT and vehicle groups (Supplemental Figure 2(b) ), indicating that neither systemic citalopram nor local mPFC serotonin affected the mechanical allodynia in the SNI rats. Our finding is consistent with previous observations that citalopram was ineffective on mechanical allodynia in neuropathic rats. 64 It is also in line with several other studies 63, 65, 66 which indicated that the analgesic efficacies of SSRIs were poor and analgesic actions of the mixed serotonin/noradrenaline reuptake inhibitors were not predominately dependent on their actions on blocking 5-HT reuptake.
Discussion
The present study demonstrates the involvement of the mPFC in the pathogenesis of anxiety associated with chronic pain in an animal model of neuropathic pain. We found that the mPFC underwent plastic changes in chronic pain conditions, as indicated by an elevation of SERT expression, as well as a greater enhancement of its LFP theta-frequency activity when the SNI rats were displaying elevated anxiety-like behaviors in avoiding anxiogenic environment. The anxiety-like behaviors of the SNI rats were effectively suppressed by local application of serotonin to the mPFC. Thus, we propose that the modulation of serotonin transmission and the consequent alteration of neural activities in the local circuitry of the mPFC likely constitute the mechanism by which chronic pain promotes anxiety state in the neuropathic rats. These findings provide important information for the understating of the neural basis of the association between chronic pain and anxiety.
In the clinic, anxiety has been recognized as an important comorbidity in patients with chronic pain. It is reported that a considerable number of chronic pain patients suffer from depression or anxiety disorders as a result of severe pain. [1] [2] [3] [4] [5] In preclinical studies, anxietylike behaviors were also observed in various animal models of chronic pain, such as nerve injury-induced neuropathy, 7, [67] [68] [69] [70] [71] [72] [73] [74] virally induced neuropathy, 75 druginduced toxic neuropathy, 75, 76 diabetic neuropathy, 77 and inflammatory pain models. 7, 8, 10, 78 However, a number of studies reported disparate findings. Some groups failed to show anxiety-like behavior associated with neuropathic pain. [79] [80] [81] Others reported different behavioral profiles in the same anxiety tests. 7, 10 A number of factors might be attributed to the incongruency. The time of measurement seems to be critical for detecting anxiety-like behaviors. Most studies reporting positive results were conducted at least four weeks after induction of chronic pain, 7, 67, [70] [71] [72] [73] [74] which is in accordance with the temporal frame for the emergence of anxiety-like manifestations. 67 However, the study which failed to observe anxiety-like behaviors 79 was conducted within two weeks of pain onset, a time point at which pain chronicity may not yet be established. In addition, the difference in the pain models used in the studies appears as another important factor for inconsistent anxiety behaviors. 69 Beyond time or model difference, variations in animal strains and genetic background, or differences in experimental conditions (e.g., surgical procedures, handling, single or repeated measures per animal), or environmental conditions (e.g., noise, temperature, odors, housing condition, diet) might also affect behavioral outcomes to cause some of the variance across studies.
In the present study, we used the SNI rats which have been consistently reported to display anxiety-like behaviors by previous studies. 70, 71, 73, 74 The SNI rats displayed persistent mechanical allodynia, a characteristic sign of neuropathic pain, which lasted over eight weeks. The long-lasting pain behavior in this model allowed the development of anxiety associated with chronic pain state. When the SNI rats were tested eight weeks following nerve injury, they exhibited apparent anxietylike behaviors in both EPM and OF tests, two classical anxiety tests in rodents. 82 These behaviors were more likely associated with chronic than acute pain state, as only a trend of anxiety was observed at earlier stage, i.e., the fourth post-operative week. These SNI rats exhibited decreases in the activities in the open arms and the central areas in the EPM and the OF test, respectively. We consider these behavioral changes as anxiety-like behaviors, rather than surgery-induced motor impairment, as indicated by the unchanged total distance that the SNI rats traveled in the OF. Thus, the SNI rats manifest a deterioration of affective function and thus provide an appropriate animal model to study chronic pain-related anxiety-like behaviors.
Although the close correlation between chronic pain and anxiety is well recognized, the neural mechanism underlying their interaction remains unclear. The mPFC is known to play an important role in the modulation of anxiety [52] [53] [54] 83, 84 through regulating activities of amygdala as well as other parts of the anxiety network, such as hypothalamus and brainstem. [84] [85] [86] [87] Studies in both human patients and laboratory animals have demonstrated that, in the chronic pain conditions, the mPFC undergoes both structural and functional changes. 27, 30, 33, 34, 88 These plastic changes may cause the alternation of mPFC function which consequently promotes pain-related anxiety state. 23 In our study, we found that the mPFC activity at theta-frequency (4-12 Hz) displayed a significantly greater increase in the neuropathic rats which concurrently displayed elevated anxiety-like behaviors in avoiding anxiogenic regions in the EPM and OF test chamber. Given that the thetafrequency activity in the mPFC has been found to be positively correlated with anxiety-like behaviors, 51, 89 this finding strongly suggests the involvement of the mPFC in the pain-related anxiety state. Interestingly, the enhancement of mPFC theta power increase only occurred when the animals were in the closed (safe) arms of EPM, suggesting its engagement particularly in the inhibition of exploratory behavior and avoidance of aversive environment. This observation is consistent with previous reports from studies of innate anxiety in normal rats. 51, 87, 90 With regard to the cause of the enhancement of mPFC theta-frequency activity, the manifestation could arise from pain-induced plastic changes in the local circuitry within the mPFC and/or in other regions in the anxiety network which provide synaptic inputs to the mPFC. In our study, we found that the expression of SERT in the mPFC was elevated in the anxious SNI rats. We postulate that the observed elevation of SERT and the resultant detraction of serotonin transmission at the mPFC possibly mediated the enhancement of mPFC theta-frequency activity and the promotion of anxiety-like behaviors in the SNI rats. This hypothesis is supported by multiple lines of evidence.
First, abnormality in brain serotonin system has been implicated in anxiety and depression. The SERT is a key regulator of brain serotonergic activity by modulating extracellular concentration of serotonin via reuptake mechanisms. Changes in expression of SERT are associated with mood disorders in humans. [57] [58] [59] Pharmacological inhibition of SERT via selective serotonin reuptake inhibitors, such as citalopram, 91, 92 enhances serotonergic transmission and decreases symptoms of depression and certain types of anxiety (for review, see Wallace et al. 93 ). Moreover, serotonergic transmission is known to play an important role in regulating prefrontal functions. 45, 94 In our study, we found that the expression of SERT in the mPFC was elevated, suggesting its involvement in the pathogenesis of paininduced anxiety in chronic pain animals.
Second, since the elevation of the prefrontal SERT expression would cause a decrease of serotonin concentration in the mPFC, conversely, a direct application of serotonin to the mPFC could overturn the impact thereby exerting an anxiolytic effect. In our study, local intra mPFC injection of 5-HT in vivo was able to effectively reverse anxiety-like behaviors in the SNI rats ( Figure 5(b) ), confirming that the reduction of prefrontal 5-HT, resulted from the overexpression of SERT, contributed to the promotion of anxiety-like behaviors of the SNI rats. When the same amount of 5-HT was applied to the mPFC in the sham rats, it did not produce significant effect on animal's performance in the EPM. We speculate that the difference in the effectiveness of locally applied 5-HT between normal and neuropathic rats was because the amount of the applied 5-HT did not alter the prefrontal synaptic concentration in the normal rats, but it caused an elevation in the SNI rats so as to bring the lowered serotonin concentration back to normal level. This seems to be a reasonable explanation since our data indicated that the same amount of 5-HT was able to reverse the behavior of the SNI rats to the level comparable to that of sham rats. Therefore, the absence of an effect of 5-HT on the sham rats at a dose which was effective on the SNI animals further supports the anxiogenic role of detraction of prefrontal serotonin transmission in chronic pain conditions. However, future experiments with increased doses of 5-HT is needed to support this stipulation.
Third, a recent study reported that local intra-mPFC application of a 5-HT receptor agonist decreased prefrontal theta oscillations and at the same time suppressed anxiety-related avoidance behaviors. 45 These findings provide direct evidence that prefrontal serotonin plays an important role in the regulation of animal innate anxiety-like behaviors by affecting prefrontal theta oscillations. This assumption is in line with previous findings that activation of 5-HT receptors suppressed theta oscillation, 95, 96 while inhibition of serotonergic neurons led to increase of theta wave activity. 97, 98 The association of serotonin system and modulation of mPFC thetafrequency activity is further supported by a study in which 5-HT1A receptor knockout mice, a genetic model of increased anxiety, had larger mPFC theta power increases than wild-type mice. 51 Taken together, all these lines of evidence collectively suggest that the change of SERT activity occurred locally within the mPFC contributed to the pathogenesis of pain-induced anxiety in the anxious SNI rats, presumably via increasing the theta activity originated locally in the mPFC and/or the theta input from hippocampus through a presynaptic mechanism. 45 Nevertheless, the change of serotonin neurotransmission in the mPFC may constitute an important part of the mechanism underlying the role of the mPFC in promotion of painrelated anxiety. Other local players might be also engaged, as implicated by a recent study showing that activation of cyclin-dependent kinase 5 enhanced anxiety-like behaviors in an animal model of inflammatory pain. 23 In spite of this local mechanism, the involvement of other regions in the anxiety network 84 should not be neglected. It is well known that the mPFC receives direct projections from vHPC, 99,100 which were thought to regulate anxiety-related behaviors by transmitting theta-frequency activity. 51, 52, 90, 101 An increase of vHPC activity thus could have also contributed to drive the enhancement of mPFC theta-frequency activity, a mechanism employed in normal animals for promoting anxiety-like behaviors to avoid exposure to anxiogenic environment. However, our data do not seem to support the hippocampal contribution to the enhancement of mPFC theta-band activity in the SNI rats. We found that the power of theta-band activity in the vHPC was not significantly altered in the SNI rats, and furthermore, the theta power correlation between the two areas was not significantly changed. Although the theta-frequency coherence between the vHPC and the mPFC was increased in the SNI rats, this was most likely due to an increase in hippocampal input to the mPFC which took place at the mPFC through a disinhibition of synaptic transmission at presynaptic site as a consequence of a reduction in mPFC serotonin. This assumption is in line with the finding by a recent study 45 that local mPFC infusion of serotonin inhibited hippocampal inputs to the mPFC via activation of presynaptic 5-HT1B receptors, which consequently suppressed prefrontal theta oscillations and elicited anxiolytic effects. Therefore, the vHPC was unlikely involved in the elevation of mPFC theta activity in pain conditions. Besides, other brain areas in the neural network, such as amygdala, could also provide regulatory inputs to the mPFC, 84, 102 the involvement of which in regulating the mPFC activity was not examined in the present study.
Nevertheless, our finding that the plastic change of the mPFC mediates pain-induced anxiety is in accordance with a recent study showing that anxiety-like behaviors were promoted by inflammatory pain-induced deactivation of excitatory neurons in the prelimbic cortex. 23 Thus, the change of serotonin neurotransmission identified in our study, along with other local players, such as cyclindependent kinase 5, 23 may constitute an important part of the mechanism underlying the role of the mPFC in promotion of pain-related anxiety.
The mechanism for the association between chronic pain and anxiety states could be multifaceted. Besides the role of the prefrontal cortex, other brain areas might also contribute to the pathogenesis of the paininduced anxiety. Changes in the opioidergic function in the amygdala were found to be associated with paininduced anxiety. 7 Furthermore, a recent study indicated that ACC was involved in the interactions between chronic pain and anxiety states by two forms of LTP. 44 It is, therefore, reasonable to postulate that the comorbidity of anxiety and chronic pain is the consequence of the plastic changes occurred in the affective network in chronic pain conditions. In support of this, studies in both human patients and laboratory animals have demonstrated that chronic pain causes molecular, structural, and functional changes in the network, including the mPFC, 27, 103, 104 amygdala, 105, 106 anterior cingulate cortex, 107 and hippocampus. 108 Nonetheless, the mPFC is clearly a key component of such a neuronal network involved in linking chronic pain and anxiety, while other brain regions have also been implicated.
Anxiety is usually an adaptive state of increased apprehension about possible future danger. However, inappropriate expression of anxiety is maladaptive and, in humans, can lead to anxiety disorders. It appears that, in the chronic pain conditions, the activity in the neural circuits that support normal anxiety is modulated, which may have contributed to the potentiation of anxiety state in neuropathic animals.
In conclusion, our study identifies the role of prefrontal cortex in the association between anxiety and chronic pain. Our findings not only provides an important information for the understating of neural basis of the pathogenesis of pain-induced anxiety but also offer an insight into the development of more effective, non-drug based therapeutical interventions, such as music and meditation, through modulating prefrontal activities [109] [110] [111] to suppress or reverse chronic pain-induced neuroplasticity.
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